Introduction
Infrared (IR) spectroscopy provides a powerful tool to investigate local structures, interactions, and environments of molecular assemblies at the sub-molecular level. In addition, the high sensitivity of IR absorption enables one to monitor the structural and environmental transitions of molecular assemblies with time-resolved measurements of the IR spectra. Here, we applied in-situ IR spectroscopy with attenuated-total-reflection configuration (ATR-IR) to study the structural changes in a phase transition of 1,3-dipalmitoyl-2-oleoyl-sn-glycerol (POP) from its melt to the γ-crystal by comparing two different passes, i.e. simple cooling and α-melt mediation.
POP is a representative of triacylglycerols (TAGs), which are the major components of food products as well as those of the matrices of cosmetics, medicine, lubricants, and so on. [1] [2] [3] [4] The molecular structure of POP is presented in Fig. 1 . Because of the bent geometrical structure of the oleoyl chains, it is assumed that the compact packing of the oleoyl and palmitoyl chains in the same leaflet may arouse a steric hindrance, resulting in various polymorphic structures and properties. Sato's group has intensively studied the polymorphic transition of POP, mainly by X-ray diffraction (XRD) and differential scanning calorimetry (DSC). [5] [6] [7] Especially, POP is one of the three major components of cocoa butter as well as 1,3-palmitoylstearoyl-2-oleoyl-snglycerol (POS) and 1,3-distearoyl-2-oleoyl-sn-glycerol (SOS).
The fractionation of these fats determines the physical properties (e.g. melting, rheology, and textures) of food products, such as chocolates, confections, creams, spreads, and so on. 8 Further, control on the crystallization of TAGs from their melts to aimed crystalline structure is quite important because it is general for TAGs to show quite complicated polymorphism, depending on both the thermodynamic (i.e. crystallization temperature) and kinetic conditions (i.e. rates of heating and cooling). For example, for the processing of chocolates, the inducement of the quasi-stable form V of cocoa butter is crucial among its six polymorphs (form I -VI) via thermal thawing, called tempering, processing through melt-mediated transformation. [9] [10] [11] In the melt-mediated transformation, it is generally agreed that the crystallization of TAGs depends on the presence of local 2017 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. The temperature thawing, as called tempering, of triacylglycerols (TAGs) is an important processing method in food productions, such as chocolates, cream, confections, and spreads. Especially, melt-mediation by temperature thawing is famous in chocolate production for controlling the polymorphic crystalline forms and accelerating crystallization. In the present study, we investigated the α-melt structure of 1,3-dipalmitoyl-2-oleoyl-sn-glycerol (POP), one of the major continuants of cacao butter, under a phase transition from its melt to γ-crystal with in-situ attenuated total reflection-infrared (ATR-IR) spectroscopy. The differential IR spectrum between α-melt via temperature thawing (α-melt mediation) and melt via simple cooling revealed that crystal-like local ordered structures remained in part in the α-melt, and that they acted as nuclei for a rapid phase transition to the γ-crystal. The changes to the γ-crystal occur in the local ordered structures at first from the glycerol moiety to the acyl chains in the crystallization, providing an important suggestion concerning the mechanism for the acceleration of crystallization to the γ-form via α-melt mediation. ordered structures of molecules in melts. [12] [13] [14] [15] [16] Such melts are important to control the polymorphs as well as the speed and quality of the crystallization toward a desired crystalline form. However, due to a general difficulty to determine the local structures in melts under a phase transition between crystalline phases, clarifying the local structures in melts remains a challenging issue to be solved for various types of TAGs. [17] [18] [19] [20] [21] Concerning the POP, recently, its various transformation pathways of the polymorphic forms has been reported based on synchrotron radiation XRD and DSC. 22 However, the local structures in its melt still remain unclear.
Here, we investigated the melt structure of POP under the phase transition from the α-crystal to the γ one, namely α-melt by IR spectroscopy. By comparing the IR spectrum of the ordinal melt via simple cooling with α-melt via α-melt mediation, we successfully detected the local ordered structure in the α-melt. Analysis on the IR bands of various vibrational modes of acyl chains revealed hybrid features of the local ordered structure observed in the α-melt.
Experimental
Sample preparation 1,3-Dipalmitoyl-2-oleoyl-sn-glycerol (POP, Sigma-Aldrich, Â99.0 ) was used as purchased. POP was spread on the ATR cell of a FT-IR spectrometer (Nicolet 8700, Thermofisher Scientific) and sandwiched with a Peltier device (PE100-OI, Meyer Instruments) for control of the temperature. At first, the temperature was set to be 333 K to melt the POP crystal, was then kept for 10 min at this temperature to erase thermal hysteresis of the sample. Then, the sample was cooled toward temperatures adequate for the desired crystalline forms at a rate of -10 K/min. The temperatures were the follows: α (283 K), γ (289 K), β′ (via α crystalline and then the temperature raised to 301 K at a rate of 10 K/min), and β (via γ crystalline and then the temperature was raised to 304 K of a rate of 10 K/min). Since the phase-transition temperatures of POP generally depend on the heating and cooling rates, the temperatures set to form the α-crystal (283 K) and the γ one (289 K) were typical values, determined under our experimental conditions to obtain their stable forms.
IR measurement conditions
The conditions of measuring the IR spectra were as follows. The accumulation was 8 times, the resolution of wavenumber was 2 cm -1 , and a MCT detector was used for the ATR measurement (Smart Orbits, Thermo Fisher Scientific, single diamond crystal type, single-bounce, and incident angle: 45 ). The beam diameter at the focal plane was set to 5.1 mm. An advanced ATR correction of the obtained IR spectra was performed by OMNIC software (Ver. 8.0) installed in the spectrometer.
Results and Discussion
At first, we confirmed that representative polymorphic structures of POP are selectively formed by temperature control with IR spectroscopy. The IR spectra of the CH3 and CH2 stretching modes and the C=O one sensitively reflect the change in the crystalline form by changes in the packing of acyl chains. Figures 2(a) and 2(b) show the IR spectra of the melt; α, γ, β′, β crystals at the CH3 and CH2 stretching modes and the C=O one, respectively. It is interesting that the relatively stable crystalline forms (β′, β) gave sharp peaks at the stretching regions for alkyl chains (CH3 and CH2 groups) and the C=O group due to the aligned crystalline structure of acyl chains. In contrast, quasi-stable forms (α, γ) gave somewhat broad ones at the same region. Further, we were able to clearly discriminate the α form and the γ one by the difference whether the shoulder structure in the C=O stretching mode existed or not. This is because the a crystalline structure takes a double-chain-structure (also see, Figs. 4 and 5 in the latter part of the present manuscript), where the local environment of the C=O groups is basically identical. 23 In contrast, the γ crystalline structure takes the triple-chain-structure, where two distinct environments of the C=O groups exist as two saturated fatty acid layers and an unsaturated fatty one between them. Although both the α and γ crystalline structures are not stable forms, these distinct features observed in the IR spectra between them help us confirm that the aimed α or γ crystalline structure is surely formed. IR spectroscopy, which sensitively reflects the changes in the local interactions at the sub-molecular structural level, provides powerful tool to investigate the changes in the unstable or melt form of TAGs, where the alignments of the molecular structures are not fully developed and not uniform. In the present system, we expect that the local structural changes of POP under the transformation from its melt form to γ-crystalline one, which has been little understood with XRD and DSC, could be elucidated by applying IR spectroscopy. To test the applicability of IR spectroscopy to the study of local structural changes in TAGs, we also investigated the spectral changes at another region. Figure 3 shows comparisons of the IR spectra of the melt; α, γ, β′, β crystals in the range between 1050 and 1450 cm -1 , namely the finger print region. This range consists of CH3 scissoring, CH2 wagging, COC stretching and C-C skeletal stretching. These vibrational modes also sensitively reflect the conformational order and the local environment of the acyl chains, and would greatly help us to investigate any slight change in the local packing of acyl chains under transformations between different crystalline forms.
We then focused on the structure of the α-melt under α-melt meditation, which has not yet been elucidated. In simple cooling, the temperature of the system is cooled down to the crystallization one (289 K) for that of the γ-crystal. In contrast, in α-melt meditation, the system undergoes a supercooled state (283 K), i.e. the α-crystalline form, and then the temperature of the system is raised so as to induce a phase transition to the γ-crystalline form (289 K). A comparison of these processes is summarized in Fig. 4 .
As mentioned above, clarifications of the local ordered structures in melts of TAGs still remain a challenging issue to be solved. Various models have been proposed concerning the local ordered structures. For example, the smectic model by Larsson and the nematic one by Cebula are representative. [12] [13] [14] [15] 17 The former suggests the existence of a para-lamellar conformation based on XRD, DSC and Raman measurements. The latter suggests that no lamellar conformation is present based on neutron scattering. Another possible structure proposed by Corkery is Y-conformers, where the three acyl chains have an angle of ca. 120 degrees between them and the Y-conformers take discotic liquid-crystalline-like structure. 18 Figure 5(a) compares the IR spectra of the α-melt, the melt and their differential. As expected, there seems to be no clear feature of the crystal, namely a series of peaks of the CH2 wagging modes at around 1250 cm -1 in the both melt forms at a glance. However, interestingly, an intense COC stretching band shows a somewhat different feature between the α-melt spectrum and the melt one. Thus, we further investigated the differential spectrum between the α melt and the melt. The obtained differential spectrum is indicated as "the melt differential", and is shown at the bottom of Fig. 5(a) , and also at the bottom of Fig. 5(b) . This shows the periodic CH2 wagging peaks, which are prominent in the crystalline forms of POP, indicating that some local ordered structures surely exist in the α-melt form. Figure 5 (b) shows comparisons of the differential spectrum of melts with those of the α-crystal and the γ one. We at first considered the possibility for the coexistence of small pieces of α-crystal remained and of the γ one newly formed. However, interestingly, the differential spectrum of the melt is not a simple summation of those of the α-crystal and the γ one. In the CH3 scissoring mode (1380 -1400 cm -1 ) and the C-C skeletal stretching one (1100 -1120 cm -1 ), the corresponding IR peaks of the local ordered structures in the α-melt are consistent with those of the α-crystal. To contrast, in the COC stretching mode (1140 -1180 cm -1 ), the corresponding IR peak of the α-melt is not consistent with that of the α-crystal, but is consistent with that of the γ one. The COC moiety is near to the glycerol part that connects three acyl chains. These characteristic hybrid features observed in the differential IR spectrum of melt indicate that the alignment of the acyl chains resemble that of the α form, but crystallization to the γ form occurs at first near to the glycerol moiety of the POP molecules.
In this picture, the acceleration of crystallization toward the γ-crystal by α-melt mediation is based on a pre-alignment of the directions of the acyl chains, which allow fast crystallization by only the sliding of the POP molecules in the normal direction of lamellar packing toward the γ-crystal. A schematic illustration of the changes in the local environments considered here is shown in Fig. 6 . In the melt form, the matrix should be constructed by POP molecules basically in random orientation. However, the subtracted IR spectrum of the melt indicates that some part of the POP molecules locally form a self-assembled structure with ordered molecular orientation, especially at the centers of Figs. 6(b), 6(c), and 6(e). The local self-assembled structures keep the molecular orientation that is common to both the α-form and the γ one. Such local ordered structures remained in the α-melt in part, where most parts of the matrix were composed of randomly oriented POP molecules. By increasing the temperature, the local ordered structures, having hybrid characteristics of the α-crystal and the γ one at the molecular level, are considered to become nuclei that accelerate the phase transition from the α-form to the γ one.
Summary
We applied ATR-IR spectroscopy to investigate the local ordered structure of an α-melt in temperature thawing via α-melt mediation from the melt to the γ-crystal via the α-crystal of POP. The characteristic features in the differential IR spectrum of the melt evidenced the existence of a local ordered structure where the three acyl chains resemble those of the α-crystal but the connection parts of the acyl chains to the glycerol part (COC) resemble those of the γ-crystal. Such a local ordered structure should play an important role for the formation of pre-aligned nuclei that accelerate crystallization to the γ-crystal. Fig. 6 Schematic illustration of the phase transition from the α-crystal to the γ-crystal via the α-melt. (a) α-Crystal with a doublechain-structure, (b) remaining local ordered structure of the α-crystal and its transformation with sliding in the acyl chain axis toward the triple-chain structure, (c) partial formation of the γ-crystal-like triplechain structure, (d) crystal growth toward the γ-crystal, and (e) the γ-crystal with the triple-chain-structure.
